The electron capture in N 5þ -H collisions imbedded in a Debye plasma is studied by using the two-center atomic orbital close-coupling method in the energy range from 1 keV/u to 200 keV/u. The atomic orbitals and electron binding energies of atomic states are calculated within the DebyeeHückel approximation of the screened Coulomb potential and used in atomic orbital close-coupling dynamics formalism to calculate the electron capture cross sections. The electron capture cross sections and the charge transfer spectral lines of N 4þ (1s 2 nl) for a number of representative screening parameter values are presented and discussed. It is found that the screening of Coulomb interactions affects the entire collision dynamics and the magnitude and energy behavior of state-selective cross sections. The changes in electron binding energies and capture cross sections when the interaction screening varies introduce dramatic changes in the radiation spectrum of N 4þ (1s 2 nl) capture states with respect to the unscreened interaction case.
Introduction
Electron capture processes between atoms and multicharged ions have been subject to extensive theoretical and experimental studies over the past five decades due to the important role in laboratory and astrophysical plasmas [1e5] . However, the atomic collision processes in the environments of hot dense plasmas have been investigated relatively scarcely, where the Coulomb interactions between charged particles may be significantly screened. To the best of our knowledge, the studies involving heavy-particle collision processes in hot, dense plasmas are those for proton-impact excitation of n ¼ 2 fine-structure levels of hydrogenlike ions [6] , electron capture in proton-hydrogenic ion collisions [7] in a Debye plasma by using the BohreLindhard classical model, symmetric resonant charge exchange in hydrogenlike ion-parent nucleus collisions [8] , and the classical trajectory Monte Carlo (CTMC) study of electron capture and ionization in hydrogen atom-fully stripped ion [9] and hydrogen atom-He-like ions [10] collisions. Quite recently, we have also performed extensive studies of the excitation, electron capture and ionization processes in H [15] collision systems in a Debye plasmas by using the two-center atomic orbital close-coupling (TC-AOCC) method in the intermediate energy range. We would like to note that only the collision systems with one-electron and two heavy nuclei have been investigated in most of the above mentioned studies. The investigation of collision systems with multi-electron in hot dense plasma is very scarce. In Ref. [10] , only the total charge transfer and ionization cross sections have been calculated for He-like , O 6þ ) and hydrogen atom collisions in Debye plasmas.
In the present work we shall study the electron capture process
in a plasma by employing the two-center atomic orbital closecoupling (TC-AOCC) method in the energy range 1e200 keV/ u. The interaction of an active electron with a stripped ion with charge Z in the plasma is represented by the DebyeeHückel potential (e is the unit charge)
where r d ¼ ðk B T e =4pe 2 n e Þ 1=2 is the Debye screening length, T e and n e are the plasma electron temperature and density, respectively, and k B is the Boltzmann constant. The representation of charged particle interaction in a plasma by the potential in Eq. (2) (2) . In the N 5þ -H collision system, the electron will be captured to the high principle quantum number n (around 4, 5) states of N 4þ ion, so the use of a close-coupling method for description of its dynamics requires a very large expansion basis of atomic orbitals. In the present calculations, the target basis include all n 4 bound states, while the basis centered on the projectile include all n 9 (l ¼ 0e5) bound states. The motivation of the present work is to study how the screened Coulomb interaction in Eq. (2) affects the dynamics of processes in Eq. (1) [23] (above 50 keV/u) have also been used for the study of electron capture in this collision system. The paper is organized as follows. In Sec. II we briefly outline the theoretical method used in the cross section and the charge transfer spectral line calculations. In Sec. III we present the results of cross section and charge transfer spectral line for process in Eq. (1) for different values of screening length r d and analyze the effects of the screening on the dynamics of the process. In Sec. IV, we give our conclusions. Atomic units will be used throughout this paper, unless otherwise explicitly indicated.
Theoretical method
The TC-AOCC method is a standard method for describing the ion-atom collision processes at intermediate to high energies. The total scattering wave function is expanded over the traveling atomic orbitals centered on the projectile and the target and used in time-dependent Schr€ odinger equation to generate the coupled equations for the state amplitudes. The electronic states centered on each of the centers can be determined by using the even-tempered trial functions [24, 25] . 
where V A,B (r A,B ) are the electron interactions with the target and projectile, respectively. V B (r B ) will be described by the DebyeeHückel potential
While for V A (r A ) we shall adopt the screened model potential 
where A and B are the vectors of the amplitudes a i ðtÞ and b j ðtÞ, respectively. S is the overlap matrix, H and H are the i/i 0 and j/j 0 direct coupling matrices, and K and K are the i/j and j/i electron exchange matrices. The coupled Eq. (9) are solved under the initial conditions
The electron capture cross section for the 1/j transition is calculated as
Results and discussion
As mentioned in Sec. I, all the n 9 (l ¼ 0e5) states of N 4þ and n 4 states of H have been included in expansion in Eq. (5) when solving the present coupled channel (Eq. (9)). We have performed the electron-capture cross section calculations for the N 5þ -H collisions in the zero-screening case with the above basis set in the energy range 0.5e200 keV/u recently [27] , and it was found that the results are convergent in the entire energy range studied. The total electron capture cross section agrees quite well (within 20%) with the experimental data [28, 29] in the overlapping energy range. For the dominant electron capture channel n ¼ 4, the AOCC cross section is about 25% larger than the experimental data of Ref. [28] and the MOCC data of Shimakura and Kimura [21] , but agrees well with the MOCC results of Bendahman et al.
[17] below 2.5 keV/u. For the subdominant channel n ¼ 3, the AOCC results lie significantly below (one half) the experimental data of [28] in the energy range 0.8e7 keV/u.
Since the main goal of the present work is the study of electron capture dynamics with screened Coulomb interactions of Yukawa type, we need a convergence check of the results obtained by the adopted AO basis in the case of screened interactions. In Table 1 we compare the total cross sections for the collision energies of 10 keV/u and 100 keV/u calculated with basis sets containing all n 4 states on H and all states with n 8, n 9 and n 10 (l ¼ 0e5) centered on N 4þ for r d ¼ ∞, 12a 0 , 6a 0 and 2a 0 . We see that with the basis set containing all n 9 states on N 4þ the convergence of the results can be considered as being achieved for this energy for all considered values of the Debye length (to within 0.8%e 5.6%), including also the unscreened case.
An insight into the dynamics of electron capture process in a Debye plasma can be obtained by analyzing the variation of electron exchange matrix element with r d for different collision energies. As an example of the behavior of these matrix elements we show the R dependence of absolute values of H(1s) / N 4þ (1s 2 3s) electron exchange elements (calculated for E ¼ 100 keV/u) for the unscreened case and for the screening interactions with r d ¼ 12a 0 , 6a 0 and 2a 0 in Fig. 2 . We observe a significant reduction in the values of the matrix elements with decreasing r d .
Electron capture cross sections with screened Coulomb interactions
We shall now investigate in more detail the energy behavior of partial cross sections for specific values of the Debye length. In order to illustrate the effects of the screening on the electron capture dynamics in the N 5þ -H system, we choose the screening lengths r d ¼ 12a 0 , 6a 0 , 4a 0 and 2a 0 . In Fig. 3 , we show the energy dependence of 3l state-selective cross sections for the unscreened case and for r d ¼ 12a 0 , 6a 0 and 2a 0 , respectively. The n ¼ 3 electron-capture channel is the subdominant channel for this collision system in the unscreened case. From Fig. 3(b) we can see that the 3s cross sections for r d ¼ 12a 0 are larger than those of the unscreened case in the energy region below 10 keV/u, and the 3p and 3d cross sections do not differ much from those in the unscreened case. It should be noted in Fig. 3 (c) that all 3l partial cross sections are significantly larger than the corresponding ones in the zeroscreening case in the energy region below 30 keV/u. This is a consequence of the condition for strong interaction with the initial state is fulfilled for the 3l state due to the decrease of energy difference of N 4þ (1s 2 3l) and H(1s) states at this value of r d . In fact, the 3l cross sections for r d ¼ 4a 0 attain the maximum in the considered energy region, which will be shown in the follows. Above 30 keV/u, the 3l cross sections for r d ¼ 6a 0 are a little smaller than those of the unscreened case due to the decrease of the coupling matrix with increasing the screening. Finally, Fig. 3(d) shows the 3s and 3p cross sections for r d ¼ 2a 0 . For this value of r d the 3d state is already in the continuum. It is worthwhile to note that in this case the magnitude of 3s capture cross section is larger than that of the other values of r d and the unscreened case in the energy region below 3 keV/u. The magnitude of 3p cross section is smaller than the corresponding one in the zero screening case in the energy region below 2 keV/u, while for high energy range the 3p cross section become larger than that of the unscreened case. The relative magnitude of the 3l capture cross sections above 10 keV/u in all cases presented in Fig. 3 Fig. 4(a)e(d) , respectively. The 4l electron-capture channel is the dominant channel for this collision system in the unscreened case. In Fig. 4(a) we see that the capture to the 4s states dominates up to 2 keV/u. Above this energy, the capture to the 4f state becomes dominant. It should be noted in Fig. 4 (b) that the energy behavior and magnitude of 4l cross sections for the screened case with r d ¼ 12a 0 differ much from those in the unscreened case in the energy region below 20 keV/u. The 4s cross section in the zero screening case rapidly decrease with increasing the energy below 5 keV/u. In the case of interaction screening with r d ¼ 12a 0 , the decrease becomes mild in the same energy region. This general behavior is also maintained for the 4p state. All 4l partial cross sections are significantly smaller than the corresponding ones in the zero screening case in the low energy region. This decrease is associated with the disappearance of the strong interaction zone on the internuclear distance due to the change of energy difference of N 4þ (1s for the 4s and 4f states. Those two states are more sensitive to the screening effects due to the positions of nondiabatic interactions. Finally, Fig. 4(d) shows 4s, 4p and 4d cross sections for r d ¼ 4a 0 . For this value of r d the 4f state is already in the continuum. It is worthwhile to note that in this case the magnitude of 4l cross sections are significantly smaller than those of the zero screening case and the energy behavior also differ much from those of other values of r d and the screening case, because of the extremely decreasing interactions. Meanwhile, the population of 4s, 4p and 4d states show a minimum at the energy of 2 keV/u. The main mechanism of charge transfer processes for the collisions in the low and intermediate energy range is the nonadiabatic interactions and they are very sensitive to the energy difference between the initial and final capture states. As mentioned above, the screening effects make the energy difference decrease. For higher energy collisions, the main mechanism of charge exchange processes is the Coulomb interactions between the electron of target and the projectile ions and the screening effects change these interactions directly. For a given nl-state and r d the effects of the above two mechanisms are different. The competition between these two mechanisms will induce a minimum or maximum in some nl-state capture cross sections at some collision energies.
In Fig. 5 we show the 5l capture cross sections as a function of energy for the unscreened case ( Fig. 5(a) ) and for screened cases with r d ¼ 12a 0 , 6a 0 and 4a 0 , (Fig. 5(b)e(d) , respectively). For r d ¼ 2a 0 all 5l states are already in the continuum. Unlike for the 3l states, the 5l electron-capture channel is the subdominant channel for this collision system also in the screened case. It is worthwhile to note that the 5l cross sections show some oscillatory structures in the considered energy range for both the unscreened case and screened cases. This is the consequence of the strong couplings and interferences between 5l states due to the small energy difference between these states. As in the case of capture to 4l states, all 5l partial cross sections for r d ¼ 12a 0 (Fig. 5(b) ) are significantly smaller than those of the unscreened case in the low energy region (below 2 keV/u), due to the capture mechanisms discussed above, except for the 5g cross section, which becomes comparable with the corresponding one in the zero-screening case. For r d ¼ 6a 0 , the 5g state is absent in the discrete spectrum of N 4þ ion. Comparing with the high energy region, we can see that the 5l partial cross sections are obviously smaller than those of the unscreened case in the low energy region due to the extended coupling time at these energies. Finally, for r d ¼ 4a 0 only 5s state is still in the discrete spectrum of N 4þ ion. Due to the decrease exchange coupling matrix with increasing the screening, the magnitude of 5s cross section is significant smaller than the corresponding one in the zero-screening case.
In Fig. 6 we show the energy dependence of partial cross sections for capture to n ¼ 3, 4 and 5 ( Fig. 6(a)e(c) , respectively) shell of N 4þ ion for r d ¼ 12a 0 , 6a 0 , 4a 0 and 2a 0 and for the unscreened case. The n-partial cross sections for n ¼ 3 and n ¼ 4, 5 in the considered energy range have quite different behavior when r d varies. With decreasing r d the cross sections for capture to n ¼ 4 and n ¼ 5 decrease, whereas those for n ¼ 3 increase in the energy region below 30 keV/u, with the exception of cross section for r d ¼ 2a 0 which above 8 keV/u is larger than that for zero screening. In the energy region above 30 keV/u, the n ¼ 3 partial cross section also decrease with decreasing the screening lengths. This behavior of the n-capture cross section is obviously direct consequence of the different energy behaviors of nl state-selective cross sections when r d varies, as discussed above for the capture to 3l, 4l and Figs. 3e5 ). The n ¼ 3 capture cross sections increase with decreasing r d and attain the maximum at r d ¼ 4a 0 in the considered energy region, this is a result of the increased transition probability when the energy difference between the states decreases, as discussed earlier. For r d ¼ 2a 0 , the magnitude of n ¼ 3 cross section is smaller than that of r d ¼ 6a 0 and r d ¼ 4a 0 . This is mainly due to the consequence of the condition for strongest interaction zone with the initial state is fulfilled for the 3l state due to the decrease of energy difference of N 4þ (1s 2 3l) and H(1s) states at r d ¼ 4a 0 . With increasing the screening (r d ¼ 2a 0 ), the decrease of energy difference becomes more significant and this makes the interaction between the initial and final states become weak again. The cross sections for all considered screening lengths become smaller than that for the unscreened case in the energy region above 30 keV/u, this is a result of the predominance of the direct exchange coupling between the initial and final states in determining the cross section at high energies and their decrease with decreasing r d (see Fig. 2 ). It is worthwhile to note that with increasing the screening, the n ¼ 3 state becomes the dominant electron capture channel for this collision system in the considered energy range when r d ¼ 4a 0 .
The cross section for capture to n ¼ 4 in the screened case with r d ¼ 12a 0 and 6a 0 is significantly smaller than that in the unscreened case in the energy region below 8 keV/u due to the decreasing of all 4l state-selective cross sections in this energy region [cf. Fig. 4 ]. For r d ¼ 4a 0 the n ¼ 4 cross section is decreased furthermore due to the reduction of electron capture channel. In the r d ¼ 4a 0 case the 4f state is absent in the discrete spectrum of N 4þ . These arguments apply also to the behavior of n ¼ 5 cross sections (Fig. 6(c) ). The obvious decrease in the n ¼ 5 cross section for r d ¼ 4a 0 in the considered energy range is also due to the reduction in the number of open capture channel. In the r d ¼ 4a 0 case only 5s state is in the discrete spectrum of N 4þ ion. The total electron capture cross sections for the unscreened case and for interaction screening with r d ¼ 12a 0 , 6a 0 , 4a 0 and 2a 0 are shown in Fig. 7 and compared with the results of CTMC calculations of Ref. [10] . For energies above 8 keV/u, the total cross sections in the screened case are smaller than the cross section of the unscreened case and their magnitude decreases with decreasing the screening length. In the energy region below 3 keV/u, the total cross section for r d ¼ 4a 0 is larger than those of other values of screening lengths. In the low energy region, the magnitude and energy behavior of total cross sections for r d ¼ 12a 0 and r d ¼ 6a 0 are determined by the dominant contribution of n ¼ 4 and n ¼ 4, 5 cross section, respectively, while the cross sections for r d ¼ 4a 0 and 2a 0 are determined by the contribution from the n ¼ 3 partial cross section. It can be seen from this figure that our AOCC cross sections agree well with the CTMC results of Ref. [10] for the unscreened case and screened case with r d ¼ 12a 0 in the 10e100 keV/u energy region, where the CTMC method could be applicable. For the other energy region, the CTMC can not give the high accurate results. For the strong screening cases, the present AOCC cross sections are larger than those of the CTMC calculations [10] , because the CTMC is appropriate to treat the strong interactions (hard collisions). This disagreement is mainly due to the fact that CTMC is appropriate to treat the strong interactions (hard collisions), but the screening effects weaken the interactions between the charged particles, and this will make the cross section results from the CTMC method have larger uncertainties. 
Charge transfer spectral lines
Since the emission from the ion states populated by the electron capture process is an important radiative loss mechanism in hot dense plasmas and since it can serve for diagnostic purpose, it is of considerable interest to investigate the changes in the spectral line properties due to the interaction screening by the plasma. In the present section, we assume that the population of N 4þ excited states is determined exclusively by the electron capture from H(1s). The number of the emitted photons per second and cm 3 for the transition nl / n 0 l 0 can be written as
where N N 5þ is the density of N 5þ ions, N H is the density of hydrogen atoms, v is the collision velocity, C n 00 l 00 ;nl is the cascade matrix, and B nl;n 0 l 0 ¼ A nl;n 0 l 0 = P n 00 < n A nl;n 00 l 00 . The radiative transition probabilities A nl;n 0 l 0 have been calculated by the wave functions of the DebyeeHückel potential. The spectral lines in plasmas can be broadened by the Doppler, Stark and collisional mechanisms. Here we shall neglect the specific details of the broadening and assume a Gaussian line profile with an arbitrary linewidth G. The reduced line intensity then can be defined as
where E v 0 ð¼ DE nl;n'l' Þ is the transition energy. In Fig. 8(a) e(b) we show the reduced line intensity of Balmer-a line of N 4þ ion produced by the electron capture at collision energies of 1 and 10 keV/u, respectively, for the unscreened and screened cases with r d ¼ 12a 0 , 6a 0 , 4a 0 and 2a 0 . As we have seen above, the upper 3p state of this transition is not only populated by a direct electron capture transition, but also due to the cascades. The redshifts of the line at the collision energy of 1.0 keV/u for different values of r d (Fig. 8(a) ) don't show a distinct regularity for the reasons mentioned above. The intensity of the line for r d ¼ 4a 0 in Fig. 8(a) is larger than that for the unscreened case because at this energy the 3p-partial cross section is larger than that of the unscreened case. The difference of the line intensities of r d ¼ 12a 0 , 6a 0 and 2a 0 in Fig. 8(a) is due to the large difference in the 3p capture cross sections at E ¼ 1.0 keV/u (a factor of about 10) for these three screening lengths. The Balmer-a intensity for r d ¼ 6a 0 at this collision energy is larger than those of r d ¼ 12a 0 and 2a 0 also due to the large 3p capture cross sections at this collision energy.
For the collision energy of 10 keV/u, the shifts and intensities of Balmer-a line show quite regular behavior (except for the case of r d ¼ 2a 0 ): with decreasing r d the line is increasingly more redshifted with respect to the unscreened interaction value and its intensity increases. For r d ¼ 2a 0 , the high excited states have no cascade contributions to 3p state population (only 3s and 3p states are in the discrete spectrum of N 4þ ion). Due to the large 3p capture cross sections for this value of r d , the intensity of Balmer-a line is still larger than that of the unscreened case, but its value is smaller than those of the other values of r d due to the relative small values of 3p capture cross sections and the loss of cascade contributions from n ¼ 4 states.
Conclusions
We have investigated the electron capture process in N 5þ -H collisions in a Debye plasma by using the TC-AOCC method in the energy range 1e200 keV/u. The AO expansion basis used in the present study included all the n 4 states on H and all the n 9 (l ¼ 0e5) states on N 4þ ion and was found to be fully convergent in the energy range considered in both the unscreened and screened cases.
The effects of the interaction screening that have the strong influence on the electron capture dynamics in the N 5þ -H collision system are the number of remaining bound states in the system for a given value of the screening length, the decrease in exchange couplings with decreasing r d , and the decrease of energy differences of the states with decreasing r d . The last of these factors plays a major role in the energy range considered and causes some of the partial cross sections in the screened case to become larger than in the unscreened case. As in the screened case, the dominant contribution to the total capture cross section in the considered energy range gives the n ¼ 3 partial cross section. However, while the capture to the n ¼ 4 channel in the unscreened case dominates up to the about 20 keV/u, in the screened case the capture to the n ¼ 4 is significantly suppressed.
In the present work we have also studied the properties of spectral lines associated with the radiative transitions of captured electrons in the Debye plasma. With respect to the unscreend case, the spectral lines are redshifted, but their intensities strongly depend on the collision energy at which the electron capture takes place, reflecting the energy dependence of nl-partial cross section for a given value of the screening length. Since in the considered collision system in the considered energy range the states within the n ¼ 3, 4 and 5 manifolds are dominantly populated, the line intensities of transitions between lower states are determined almost exclusively by the cascades populating the upper state of the considered transition. The reduction in the number of bound states in a screened Coulomb potential limits the spectral series to a finite number of lines for a given r d . Line shifts and series termination are important signatures that can be used in hot dense plasma diagnostics.
